Abstract-Monitoring intestinal myoelectrical activity by electroenterogram (EEnG) would be of great clinical interest for diagnosing gastrointestinal pathologies and disorders. However, surface EEnG recordings are of very low amplitude and can be severely affected by baseline drifts and respiratory and electrocardiographic (ECG) interference. In this work, a flexible array of concentric ring electrodes was developed and tested to determine whether it can provide surface EEnG signals of better quality than bipolar recordings from conventional disc electrodes. With this aim, sixteen healthy subjects in a fasting state (>8 h) underwent recording. The capability of detecting intestinal pacemaker activity (slow wave) and the influence of physiological interferences were studied. The signals obtained from the concentric ring electrodes proved to be more robust to ECG and respiratory interference than those from conventional disc electrodes. The results also show that intestinal EEnG components such as the slow wave can be more easily identified by the proposed system based on a flexible array of concentric ring electrodes. The developed active electrode array could be a very valuable tool for noninvasive diagnosis of disease states such as ischemia and motility disorders of the small bowel which are known to alter the normal enteric slow wave activity.
INTRODUCTION
The study of intestinal motility (i.e., intestinal contractile activity) is an important field in gastroenterology due to the fact that abnormal motility patterns are related to several intestinal pathologies, as is the case in irritable bowel syndrome, 28 intestinal obstruction, 36 paralytic ileus 25 and bowel ischemia. 4 At the present time there is no method to non-invasively monitor intestinal motility in clinical practice. One possible solution would be to record intestinal myoelectrical activity on the abdominal surface. This signal is known as the electroenterogram (EEnG) and is composed of slow waves (SW) and spike bursts. The former are periodical, omnipresent electrical potentials that regulate the maximum rate of intestinal muscle contractions. The latter are fast action potentials which are located in the SW plateau and are only present when contractions appear. While the SWs are related to the frequency and propagation velocity of the contractions, 38 the spike bursts determine the presence and intensity of the contractions. The small intestine exhibits a stepwise gradient in SW frequency from about 12 cycles per minute (cpm) in the normal human duodenum to between 9 and 11 cpm in the jejunum and around 8 cpm in the ileum. 13, 34 At a given point of the small intestine, this frequency is almost constant presenting only slight fluctuations (<1 cpm) with no diurnal variations. 11, 13 Moreover, the intersubject variability of the SW frequency is also small (<1.5 cpm in duodenum recordings). 11 Previous studies on surface EEnG recordings report that the signal is very weak (tens or hundreds of microvolts), with the energy in the spike bursts frequency range especially attenuated because of the insulation effects of the abdominal layers and spatial filtering. 4, 14 Studies on surface EEnG recording on humans have thus mainly focused on the SW and have shown that it is possible to pick up and identify this intestinal component. 5, 8, 10, 29 Nevertheless, the EEnG is also severely affected by physiological interference of respiratory and electrocardiographic (ECG) origin. Typical breathing frequency range for adults at rest (12-20 cpm) 24 is very close to the SW frequency (8-12 cpm) and lower frequency types of interference such as baseline drift and gastric myoelectrical activity can also add non-desired components in surface EEnG recordings. In regards to ECG interference, its spectral frequency range overlaps the spike bursts frequency range, it would therefore be necessary to eliminate ECG interference from abdominal recordings in order to identify the spike bursts of the EEnG. 15 It should be emphasized that most previous studies involved monopolar or bipolar EEnG recordings obtained from conventional monopolar disc electrodes. One of the drawbacks of using conventional disc electrodes in bioelectrical surface recordings is their poor spatial resolution, which is mainly caused by the blurring effect of the different conductivities of the volume conductor. 6 In this respect, Laplacian recordings have been shown to reduce the smoothing effects caused by the volume conductor and to increase spatial resolution in locating and differentiating multiple dipole sources. 2, 17, 39 Regarding gastrointestinal myoelectrical activity monitoring, Laplacian recordings of the EEnG have also been shown to reduce ECG and respiration interference. 29, 30 However, the first study in this field estimated the Laplacian potential on the body surface by discretization techniques with five monopolar disc electrodes arranged in the form of a cross. 29 This involves a wide recording area which limits its spatial resolution and requires the use of five biosignal amplifiers with the same characteristics. In a more recent study, a direct estimation of the EEnG Laplacian potential was obtained from a tripolar concentric ring electrode in bipolar configuration (TCB), 30 which obtained one Laplacian signal with only one biosignal amplifier and a smaller recording area. However, as in Laplacian recordings of other bioelectrical signals, the concentric ring electrodes were implemented on rigid substrates such as printed circuit boards. 2, 3, 18, 20, 30 This somewhat limits the applications of these electrodes, since they can cause discomfort to patients and do not adapt themselves to body curvature.
The aims of this work are to develop concentric ring electrodes implemented on flexible substrate and to test their capability for surface EEnG recording and the identification of intestinal SW. It is hypothesized that due to its flexibility and to the enhanced spatial resolution such electrodes are comfortable for the patient and yield surface EEnG signal less affected by respiratory and ECG interference than bipolar recordings with conventional disc electrodes.
MATERIALS AND METHODS

Flexible Array of Concentric Ring Electrodes
For the purposes of this study it was decided to design an array of electrodes rather than a single electrode for surface bioelectrical recordings, since these recordings are usually multichannel and Laplacian recordings are often used for body surface potential mapping. An array of three concentric ring TCB active electrodes was therefore developed. The sensor was made up of two components: a disposable sensing part with three TCB electrodes and a reusable battery-powered signal conditioning circuit.
Each of the three sensing electrodes consisted of an inner disc and two concentric rings in bipolar configuration i.e., the disc and the outer ring were shorted together. The dimensions of each ringed-electrode of the array are shown in Fig. 1 . The outer diameter of the external ring was set to 24 mm, which was a compromise between large electrodes that would yield signals of higher amplitude, and small electrodes that would provide better spatial resolution. The following criteria were also considered to set the electrode dimensions:
-The sum of the areas of the outer ring and the inner disc should be equal to the area of the middle ring so as to provide similar input impedances, improving the common mode rejection ratio. -The distance between the inner disc and the middle ring should be the same as the distance between the middle and outer rings to reduce common mode interferences.
The flexible electrode array was implemented by one-layer screen-printing technology on polymer substrates. A biocompatible silver paste was printed (Dupont 5064 Silver conductor) on a Polyester Melinex ST506 substrate. The serigraphy was performed on an AUREL 900 high-precision screen stencil printer, after which the ink was cured at 130°C for 10 min. As stated above, as surface EEnG signals are of very low amplitude and those from concentric ring electrodes are even smaller, 30 it is advisable to include an amplification stage as close as possible to the sensing electrode. In this study, a battery-powered conditioning circuit was used directly connected to the electrode array. The circuit contained a preamplifier (gain 31.9) followed by a coupling circuit (high pass cut off frequency 0.05 Hz) and an additional differential amplification stage (gain 106.1) for each of the three TCB electrodes in the array. The signal conditioning circuit is about 45 mm 9 45 mm and weights less than 15 grams. Its main electrical characteristics are shown Table 1 .
Signal Recordings
Sixteen healthy subjects in a fasting state (>8 h) underwent recording sessions of approximately 3 h. The study adheres to the Declaration of Helsinki and was approved by the Institutional Review Board. All the volunteers were informed of the nature of the study, briefed on the recording protocol and signed the consent form. Table 2 summarizes the main anthropometric characteristics of the subjects.
Recording sessions were carried out with subjects lying in a supine position inside a Faraday cage after first exfoliating the abdominal surface to remove dead skin cells to reduce contact impedance. The abdominal surface was also shaved in male subjects. The flexible electrode array was placed horizontally 2.5 cm below the umbilicus, providing three Laplacian signals. Neither gel nor conductive paste was used in this kind of recordings. Three 8 mm sensing-diameter monopolar silver-Silver Chloride floating electrodes (EL258S, Biopac Systems Inc, Santa Barbara, CA, USA), impregnated with gel were placed 2.5 cm above the umbilicus. Similar to previous works, 29 interelectrode distance for disc electrodes was 2.5 cm, and also for the TCB ring electrodes of the array. Two bipolar EEnG recordings were obtained from adjacent monopolar electrodes. Figure 2 shows the location of the electrodes in the EEnG recordings.
The main sources of physiological interference usually present in surface EEnG were simultaneously recorded. Electrocardiogram was monitored by reduced Lead I from disposable electrodes (foam electrode 50/PK-EL501, Biopac Systems Inc, Santa Barbara, CA, USA), respiration was recorded by an airflow transducer (1401G, Grass Technologies, Warwick, USA) and body movements were measured by a three-axis accelerometer (ADXL 335, Analog Devices, LM, Ireland).
All signals except acceleration signals were amplified and band-pass filtered (0.1-100 Hz) by commercial bioamplifiers (P511, Grass Technologies, Warwick, USA). A disposable electrode placed on the subjects' left ankle was used as reference for the bioelectrical recordings. All signals from bioamplifiers and accelerometer were simultaneously recorded at a sampling rate of 1 kHz.
Signal Analysis Spectral Analysis
Similar to prior works, 8, 29, 30 in order to study the activity of the EEnG low-frequency component, i.e., the slow wave, abdominal recordings and respiratory airflow signal were low-pass filtered (Butterworth filter, fc = 0.5 Hz, order 6) and resampled at 4 Hz. This filtering was performed bidirectionally to remove the phase-shift. So as to identify the frequency of the intestinal slow wave, the dominant frequency (DF) was obtained from the power spectral density (PSD) of sliding 120 s signal windows every 15 s. In the case of respiratory airflow signal, this parameter is denoted as DF Resp . As parametric spectral estimators of the PSD provide better frequency resolution than non-parametric techniques for a given window of analysis, autoregressive parametrical techniques (order 120) were therefore used for this aim. No significant differences were found between order 90 and order 150. Window size of 120 s was chosen according to previous works. 29, 30, 34 On the other hand, when the aim is to obtain energy parameters from the PSD, non-parametric spectral techniques are advisable. In the present study, the ratio between the energy in different bandwidths was calculated from the Welch periodogram (window type: rectangular; number of windows: n = 3; length: L = 90 s; overlap: 83%) of sliding 120 s signal windows every 15 s.
Characteristic Parameters
A set of parameters were calculated to determine the possibility of identifying intestinal SW activity and to quantify the presence of respiratory and very low frequency interference. A first group of variables (%DF X ) values how often the signal component ''X'' would be the one that provides the highest frequency peak in the window of analysis; a second group of variables (PR SW/X ) values how large is the energy of the intestinal SW in comparison to that of the ''X'' component picked up on surface EEnG recordings. The main bandwidth of the intestinal pacemaker activity was considered to be between 8 and 12 cpm, according to the typical intestinal SW frequency in the different small bowel segments. 13, 34 On the other hand, low frequency interference such as baseline drift was considered to be below 8 cpm. Finally, respiratory interference was assumed to be concentrated between DF Resp ± 1 cpm.
In accordance with these bandwidths the following parameters were obtained: -%DF TFSW : defined as the ratio between the number of windows in which DF is inside the typical SW frequency range (8-12 cpm) and the total number of windows analyzed. -%DF LF : defined as the ratio between the number of windows in which DF is inside the bandwidth associated with low frequency interference and the total number of windows analyzed. -%DF Resp : defined as the ratio between the number of windows in which DF is within the respiration bandwidth (DF Resp ± 1 cpm) and the total number of windows analyzed.
If a window could be assigned to %DF TFSW and %DF Resp , due to a possible overlap in frequency bands, the DF of such window was considered to be of respiratory origin.
-%DF Other : defined as the ratio between the rest of the cases and the total number of windows analyzed. -%DF SW : in this case, the possible peaks in the PSD of abdominal signals which are in the low frequency and respiration bandwidth are not considered, being the resulting dominant frequency (DF¢) the frequency associated to the maximum of the remaining peaks in the PSD. %DF SW is defined as the ratio between the number of cases in which DF¢ is inside the SW frequency range (8- 
Estimation of ECG Interference
The ECG interference present in raw EEnG recordings was estimated by a method based on averaging the EEnG signal under study synchronized with the R-wave detected in the lead I ECG signal. After obtaining a template of the ECG interference for every heartbeat in the EEnG channel under study, a signal with the estimation of the ECG interferenceÎ ECG was generated by adding the single beat template to a null signal at the position of every R-wave. This method is described in detail in, 15 and an example on howÎ ECG is obtained is shown in Fig. 3 . Then, the power ratio between the EEnG signal and the ECG interference (PR EEnG/ECG ) is estimated as follows:
where Power(EEnG) is the power content of the raw signals, and power(IÊ CG ) is the power content of the ECG estimated interference. This ratio was calculated in 120 s analysis windows.
RESULTS
Demonstrative Examples
It should first be mentioned that about 3% of the total signals recorded were removed from the study due to saturation and movement artifacts detected by the accelerometer. Figure 3 shows an example of the raw biosignals recorded simultaneously. This figure also includes the first 3 s of the estimated ECG interference in every surface EEnG channel; where it is clear that Laplacian signals from the flexible array are less affected by such interference than conventional bipolar recordings. It can also be appreciated that, as expected, the amplitudes of the signals picked up by the ringed-electrodes in the array are smaller than those of the bipolar recordings from the disc electrodes. Nevertheless, approximately five waves (%10 cpm) of intestinal SW activity can be identified in the Laplacian recordings whereas in bipolar recordings this is difficult to identify by visual inspection, since it seems these latter are severely corrupted by the respiration. This can also be observed in the PSD of the signals (see Fig. 4 ): in bipolar recordings (Bp1) the DF corresponds to the respiratory frequency, whereas the DF of the Laplacian recordings is around 10 cpm, which fits in with the normal SW frequency in the human jejunum. This behavior is also manifested in the time-frequency distribution (spectrogram) of 30 min of a different session shown in Fig. 5 , in which only one bipolar and one Laplacian recording channel are shown for reasons of space. In the Laplacian case (top trace) a band of high power in the slow wave frequency range (8-12 cpm) is present at almost all times. In the bipolar signal (medium trace) the highest power is almost always at frequencies around 17 cpm associated with respiratory components (low trace). Nevertheless, a band of lower intensity within the SW frequency range is also always present in bipolar recordings time-frequency distribution. Table 3 shows the mean and standard deviation of the power ratio associated with the different types of interference studied. The better performance of Laplacian recordings from the flexible concentric electrodes compared to bipolar recordings, in terms of attenuating the respiratory interference, shown in the previous examples is again manifested in this table.
Global Characteristic Parameters
Although the results present high variability, the PR SW/Resp parameter presents statically significant differences (Kruskal-Wallis, p < 0.05); with higher mean values for Laplacian (4.76, 5.39 and 5.03 dB for Lp1-3) than for bipolar recordings from disc electrodes (3.51, 3.5 dB for Bp1-2). Nevertheless, the mean values of PR SW/LF of Laplacian signals were smaller than that of bipolar signals; the difference is again statically significant (Kruskal-Wallis, p < 0.05). This behavior can also be observed in the results shown in Table 4 . On one hand, %DF LF is greater for Laplacian signals i.e., in a higher number of cases the DFs from Laplacian signals is associated with low frequency interference. Whereas, on the other hand a significantly smaller number of cases (Kruskal-Wallis, p < 0.05) the DF of the EEnG from Laplacian recordings is associated with respiratory interference (mean %DF Resp of 19.9, 9.5 and 15.3% for Lp1-3) in contrast to the DFs from bipolar recordings (mean %DF Resp of 36.8 and 37.4% for Bp1-2).
Low frequency interferences can however be easily discarded by eliminating frequency peaks below 8 cpm. In a similar manner, the frequency peaks associated with respiration can also be excluded once DF Resp has been determined. Table 5 shows the results after carrying out this procedure. As it can be observed, %DF SW ranges from 87.3 to 93.2%, which means that in around 90% of the analyzed windows the remaining DF peak can be attributed to intestinal SW activity. Moreover, this ratio is higher for Laplacian recordings than bipolar recordings, being the difference statically significant (KruskalWallis, p < 0.05). It is also noticeable that the mean DF SW is higher for bipolar than Laplacian recordings (around 10.1 and 9.7 cpm, respectively). This issue will be discussed below.
Finally, although the ECG interference on abdominal surface recordings mainly affects higher frequencies than those of interest for the study of the intestinal In the bipolar signal two bands of high power can be identified; one between 8 and 12 cpm (intestinal slow wave typical frequencies) and another at about 17 cpm which corresponds to respiratory interference. In the Laplacian recording the energy band associated to the intestinal slow wave is much clearer, whereas that of respiratory interference can be hardly appreciated.
SW, its presence (that could affect the intestinal spike bursts frequency range) was also studied in this work. As it was already observed in the example shown in Fig. 3 , the conventional bipolar recordings present stronger ECG interference than Laplacian recordings. In fact, ECG interference was almost null in the signals from the concentric ring electrodes and only a low level can be detected in the signal from the electrode Lp1, placed on the subjects' left side. The behavior shown in Fig. 3 is consistent with the values of the power ratio associated to ECG interference shown in the third column of Table 3 . The PR EEnG/ECG from the signals recorded by the flexible array of ring electrodes (mean values of 16.03, 18.44 and 23.38 dB for Lp1-3) are much higher than those of bipolar recordings with disc electrodes (mean values of 3.89 and 3.88 dB for Bp1-2), the differences being statically significant (ANOVA, p < 0.05).
DISCUSSION
Electrode Configuration
To the authors' knowledge, the flexible array of active concentric ring electrodes presented in this paper is the first of its kind with these characteristics. Other groups have developed active concentric ring electrodes, but on rigid substrates. 12, 18, 20, 30 Our group has recently proved that flexible ring electrodes present better performance than rigid ones in terms of reducing skin-to-electrode impedance, low-frequency interferences and baseline wanders, and enhanced behavior when the subject moves. 31 The sensor proposed in this paper takes advantage of this beneficial behavior i.e., is more comfortable for subjects and provides better contact, since it can adapt to body curves. Nevertheless, in the above-mentioned work, 31 the electrode was individual and, since it was made of closed rings, it required three layers to be screen printed, alternating conductor and dielectric pastes to avoid short circuits. The open-ring solution proposed in the present work makes it easier to assemble the electrodes since a only one layer is screen printed; and, in contrast to individual electrodes, 18, 20, 31 the array is a more compact solution that reduces the signal preconditioning cost and space and is more suitable for bioelectrical body surface mapping. Furthermore, as the device is composed of modules, the signal conditioning circuit can be reused while the sensor can be disposed of.
In addition, although not specifically addressed in this work, according to certain authors 3, 21, 35 Laplacian potential mapping can enhance the spatial sensitivity of surface bioelectrical activity, which is important for the study of propagation maps. There is at the present time increasing clinical interest in evaluating intestinal slow wave patterns in a range of motility disorders and aberrant slow wave activity, such as diabetic dysmotility, 19 irritable bowel syndrome, 32 and postsurgical dysmotility. 27 However, there is still a critical lack of clinical intestinal slow wave studies. Given their enhanced spatial selectivity, we consider the flexible array of active concentric ring electrodes used in the present study would be very suitable not only for this purpose but also to obtain propagation maps of other bioelectrical signals, such as cardiac, electroencephalo- graphic or uterine activity, which would provide important clinical electrophysiological information.
Intestinal Activity and Interferences in Surface EEnG Recordings
Some authors have found that human surface EEnG signals are of very low amplitude and are corrupted by physiological interference 8, 10, 29 and this finding has been confirmed in the present work. Baseline drifts, respiration and ECG interference can mask the components of intestinal origin and should be reduced or cancelled in order to correctly identify and interpret noninvasive EEnG recordings.
We have shown in the present study that, as hypothesized, active concentric electrodes in a flexible array can pick up clearer EEnG signals in terms of ECG and respiratory interference than bipolar recordings from conventional disc electrodes. This result is in agreement with previous studies that used this type of electrode implemented on rigid substrates. 30 The reduced respiratory interference in the signals picked up by the flexible concentric ring electrodes facilitates the identification of intestinal slow wave activity. This is of great importance and is probably due to the more homogeneous movement of the flexible ring electrodes in comparison to that of two separate monopolar electrodes. Nonetheless, this interference can still be present and its frequency can get very close to that of intestinal SW and provoke possible misinterpretations. In order to avoid such possible misinterpretations it would be interesting to include periods of voluntary apnea and/or higher breathing rates during the recordings to check if the frequency peak associated to the intestinal SW remains unaltered. On the other hand, despites its better performance in terms of breathing interference reduction, in this work Laplacian recordings have been shown to be more prone to low-frequency interference, most probably due to poor skin-to-electrode contact impedance. This is one of the major disadvantages of using dry electrodes 16 and would probably be corrected by using an electrolytic gel. However, the electrodes should be redesigned in order to avoid shortcircuits between the ring conductors due to the gel. Other strategies based on signal processing techniques such as adaptive filtering or empirical mode decomposition could also be applied to remove undesired components from surface EEnG recordings. 23, 41 Nevertheless, in this work it has been shown that after discarding the spectral peaks associated with respiratory and low-frequency interference, the DF of the recorded signals was attributed to the intestinal SW in around 90% of the cases. Simultaneous internal EEnG recordings would have been advisable to confirm the intestinal origin of such frequency peaks; however these invasive recordings are not adequate to be performed in healthy human volunteers for obvious reasons. Nonetheless, we consider that these signal components between 8 and 12 cpm are associated to the pacemaker activity of the small bowel since respiratory origin was discarded, and the frequencies of other components that could be picked upon abdominal surface recordings such as the electrogastrogram, 9 electrocolonogram, 33 skin-electrode contact potential 37 would be lower than those 8 cpm; and components as the ECG 37 or the EMG 26 from abdominal muscles would distribute their energy in higher frequencies. Furthermore, the identified components presented the ubiquity and rhythmicity characteristics of intestinal SW, 7, 11 as it was appreciated in Fig. 5 . In this context it should also be mentioned that the present study has provided a quantitative estimation of intestinal SW detectability in surface EEnG recordings, in contrast to other studies that maintain that it can be detected but only give explicatory figures. 10, 23, 30 Regarding the mean values of the frequency associated to the intestinal SW obtained for the different channels, it should be considered that the different locations of the electrodes can affect the intestinal segment being recorded. Since there is a descending gradient of the SW frequency along the small bowel 13, 34 the frequency of the detected intestinal components will depend on that location. Although the small bowel is twisted inside the abdominal cavity, the area above the umbilicus could be expected to contain more intestinal loops from the lower duodenum and upper jejunum, whereas the area below the umbilicus would contain more intestinal handles from the lower jejunum and ileum. Our results are in agreement with this, the frequencies associated with the intestinal SW from bipolar recordings are higher than those of Laplacian recordings.
Since it has been proved that pathological situations such as hyperthyroidism and hypothyroidism, 11 intestinal ischemia 34 or duodenal distention 1 provoke differences in the frequency values of the SW that go further than inter-and intra-subject variability, the presented active electrode array for EEnG monitoring could be a step forward towards the development of a very valuable tool for the non-invasive diagnosis of gastrointestinal pathologies. Future studies of this research group will aim to test such diagnostic capability by performing recordings in pathological conditions.
Finally, regarding the reduction of ECG interference in abdominal surface recordings achieved by the flexible concentric ring electrodes, such reduction would help to identify spike burst activity. 15 The identification of this intestinal myoelectrical activity component, and therefore the possibility of noninvasively monitoring intestinal motility patterns, has been shown to be feasible in animals. 14, 40 However, intestinal spike bursts have not as yet been identified in human surface EEnG recordings. The cancellation of ECG interference achieved with concentric ring electrodes, together with the enhanced spatial resolution and the lower smearing effect from the torso volume conductor associated with Laplacian recordings, 18, 22 could lead to the possibility of detecting intestinal spike bursts activity in noninvasive recordings. However, preliminary analysis (not shown) suggest the necessity of applying additional signal processing techniques to identify this component, which is beyond the scope of this paper and will be dealt with in future work.
CONCLUSIONS
In this work a flexible array of active concentric ring electrodes, which combines the benefits of Laplacian techniques in terms of enhancing spatial resolution with the comfort and flexibility of conventional disposable electrodes, has been developed. Non-invasive recordings of intestinal myolectrical signals with this type of electrode proved to provide enhanced bioelectric signals in terms of robustness to physiological interference such as those of ECG and respiratory origin and to facilitate the identification of intestinal slow wave activity as compared to bipolar recordings with conventional disc electrodes. The developed active electrode array could be a very valuable tool for non-invasive diagnosis of disease states such as ischemia and motility disorders of the small bowel which are known to alter the normal enteric slow wave activity, and it would also be suitable for the recording of other bioelectrical signals especially for body surface potential mapping.
